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The  End  [of  Moore's  law)  is  Near  (P) 


It’s  a  great  time  to  be  working  on  electronics  ! 

Things  to  work  on: 

inP  transistors:  extend  to3~4THz -*■  GHz  &  low-THz  ICs 
GaN  HEMTs:  powerful  transmitters  from  1-300  GHz 
Si  MOSFETs:  scale  them  past  16  nm 

lll-V MOSFET s:  help  keep  VLSI  scaling  ( maybe) 

VLSI  transistors:  subvert  Boltzmann-*  solve  power  crisis 
mm-wave  VLSI:  massively  complex  ICs  to  re-invent  radio 
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Why  Build  THz  Transistors  P 


500  GHz  digital  logic 


fiber  optics 


\ 
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THz  amplifiers THz  radios 
-*■  imaging,  sensing, 
communications 


precision  analog  design 
at  microwave  frequencies 
>  high-performance  receivers 


~  Higher-Resolution 
^Microwave  ADCs,  DAG s, 


DDSs 
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o  o 
o  o 
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Frequency  Limits 
and  Scaling  Laws 
of  (most) 

Electron  Devices 
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To  double  bandwidth , 

reduce  thicknesses  2:1  Improve  contacts  4:1 
reduce  width  4:1,  keep  constant  length 
increase  current  density  4:1 


Bipolar  Transistor  Scaling  laws 


Changes  required  to  double  transistor  bandwidth:  (emitter  length  LE ) 


parameter 

change 

collector  depletion  layer  thickness 

decrease  2:1 

base  thickness 

decrease 

1.414:1 

emitter  junction  width 

decrease  4:1 

collector  junction  width 

decrease  4:1 

emitter  contact  resistance 

decrease  4:1 

current  density 

incre#e  4:1 

base  contact  resistivity 

decrease  4:1 

Linewidths  scale  as  the  inverse  square  of  bandwidth  because  thermal  constraints  dominate. 
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FET  Scaling  laws 


(gate  width  WG ) 

Changes  required  to  double  transistor  bandwidth: 


parameter 

change 

gate  length 

decrease  2:1 

gate  dielectric  capacitance  density 

increase  2:1 

gate  dielectric  equivalent  thickness 

decrease  2:1 

chanr . ilectron  d  ;ity 

increase  2:1 

source  &  drain  contact  resistance 

decrease  4:1 

current  density  (mA/jam) 

increase  2:1 

Linewidths  scale  as  the  inverse  of  bandwidth  because  fringing  capacitance  does  not  scale 
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THz  &  nm  Transistors:  it's  all  about  the  interfaces 


Metal-semiconductor  interfaces  (Ohmic  contacts): 

very  low  resistivity 

Dielectric-semiconductor  interfaces  (Gate  dielectrics): 

very  high  capacitance  density 

Transistor  &  1C  thermal  resistivity. 

► 
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inP  Bipolar  Transistor  Scaling  Roadmap 


industry  university  university  appears 
-►industry  2007-9  feasible 


maybe 
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inP  DHBTs:  September  2008 
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popular  metrics : 

fr  OT  /max 


(fr  +/max)/2 

(I/Zr+I//™)'1 


much  better  metrics 

power  amplifiers : 

PAE,  associated  gain, 
mW  / /Ltm 

low  noise  amplifiers : 

Fmin ,  associated  gain, 
digital : 
f dock  ’  hcncc 
(Ccb  AF//C), 

(RJJ  AV), 

(RbbIc/  AV), 

(j’6  +  rc) 
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Ohmic  Contacts  Good  Enough  for  3  THi  Transistors 

64  nm  (2.0  THz)  HBT needs  —  2  Q  -  /Jnf  contact  resistivities 
32nm(Z8  Thiz)  HBT  needs  ~1  Q-fJrrf 


Contacts  to  N-InGaAs*: 

Mo 

IVBE  in-situ 

0.3  (+/- 0.3)  Q  -  yrrf 

TiW 

ex-situ 

~T  to2Q- /Jnf 

Contacts  to  P-InGaAs: 

Mo 

NEE  in-situ 

below 2.5  Q  -  /Jnf 

PtV... 

ex-situ 

0.36  (■*/-  0.3)  Q  -  /Jnf 

^measured  emitter  resistance  remains  higher  than  that  of  contacts. 

Approved  For  Public  Release,  Distribution  Unlimited 


THz  HBTs:  MOSFET-like  Processes  for  64, 32  nm  Nodes 


SI  substrate 
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FET  Scaling  laws 


(gate  width  WG ) 

Changes  required  to  double  transistor  bandwidth: 


parameter 

change 

gate  length 

decrease  2:1 

gate  dielectric  capacitance  density 

increase  2:1 

gate  dielectric  equivalent  thickness 

decrease  2:1 

channel  electron  density 

increase  2:1 

source  &  drain  contact  resistance 

decrease  4:1 

current  density  (mA/jam) 

increase  2:1 

What  do  we  do  if  gate  dielectric  cannot  be  further  scaled  ? 
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Ill-V  MOSFETS  for  HSI 


What  is  it  ? 

MOSFET  with  an  InGaAs  channel 


N+  source 
regrowth 


InGaP  well 


barrier 


N+  drain 
regrowth 


Why  doit?  - 

low  electron  effective  mass-*  higher  electron  velocity 

more  current,  less  charge  at  a  given  insulator  thickness  &  gate  length 

very  low  access  resistance 


What  are  the  problems  ? 

low  electron  effective  mass-*  constraints  on  scaling  ! 
must  grow  high-K  on  InGaAs,  must  grow  InGaAs  on  Si 


Synopsis 

lll-V  MOSFET  might  win...  if_Si  gate  dielectric  cannot  scale  below  0.5  nm 
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THz 

Reld-Effect  Transistors 

(THz  HEMTs) 
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FET  Scaling  laws 


(gate  width  WG ) 


Changes  required  to  double  transistor  bandwidth: 


parameter 

change 

gate  length 

decrease  2:1 

gate  dielectric  capacitance  density 

increase  2:1 

gate  dielectric  equivalent  thickness 

decrease  2:1 

channel  electron  density 

increase  2:1 

source  &  drain  contact  resistance 

decrease  4:1 

current  density  (mA/jam) 

increase  2:1 

InGaAs  HEMTs  are  best  for  mm-wave  low-noise  receivers... 
...but  there  are  difficulties  in  improving  them  further. 


Approved  For  Public  Release,  Distribution  Unlimited 


Why  HEMTs  are  Hard  to  Improve 


1st  challenge  with  HEMTs:  reducing  access  resistance 


low  electron  density  under  gate  recess  -+  limits  current 
gate  barrier  lies  under  S/D  contacts  resistance 


gate  barrier 
channel 
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2nd  challenge  with  HEMTs: 
low  gate  barrier 


high  tunneling  currents  with  thin  barrier 

high  emission  currents  with  high  electron  density 


77777? 


Ill- 


well- r 
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inGaAs  MOSFETs  as  THz  low-Noise  Amplifiers 


sidewall 


gate  dielectric 


uiriiiwuiri 
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quantum  well  /  channel 
barrier 


substrate 


N+  drain 


Why? 

Much  lowsr  access  resistance  in  S/D  regions 

Higher  gate  barrier -*  higher  feasible  electron  density  in  channel 

Higher  gate  barrier-*  gate  dielectric  can  be  made  thinner 


2  THz  cutoff  frequencies  at  32  nm  gate  length 
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Billions  of  700-GHz  Transistors-^  Imaging  &  Arrays 


65  run  CMOS:  —5  dB  gain  @200  GHz 
22  nm  will  be  much  faster  yet . 
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Hfjaf  can  you  do  with  a  few  billion  700-GHz  transistors  ? 


Build  Transmitter/ Receiver  Arrays 

100's  or 1000's  of  transmitters  or  receivers 
...on  <  1  crrf  1C  area 
...operating  at  100-500  GHz. 
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Billions  of  700-GHz  Transistors-^  Imaging  &  Arrays 


Arrays  for  point-point  radio  links: 


bit  rate  •  distance  oc  (#  array  elements)  •  wavelength 


Arrays  for  (sub)-mm-wave  imaging  : 

#  resovable  pixels  =  #  array  elements 


Arrays  for  Spatial-Division-Multiplexing  Networks, 


#  independen  t  beams  =  #  array  elements 

4  •  array  area 
wavelength  2 
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It's  a  great  time  to  be  working  on  electronics ! 


Device  scaling  (Moore's  Law#  is  not  yet  over. 


Challenges  in  scaling: 

contacts,  dielectrics,  heat 


Multi-THz  transistors: 

for  systems  at  very  high  frequencies 

for  better  performance  at  moderate  frequencies 


Vast  #s  of  THz  transistors 

complex  systems 

new  applications....  imaging,  radio,  and  more 
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